ABSTRACT DNA gyrase plays a vital role in resolving DNA topological problems and is the target of antibiotics such as fluoroquinolones. Mycobacterium fluoroquinolone resistance protein A (MfpA) from Mycobacterium smegmatis is a newly identified DNA gyrase inhibitor that is believed to confer intrinsic resistance to fluoroquinolones. However, MfpA does not prevent drug-induced inhibition of DNA gyrase in vitro, implying the involvement of other as yet unknown factors. Here, we have identified a new factor, named Mycobacterium fluoroquinolone resistance protein B (MfpB), which is involved in the protection of DNA gyrase against drugs both in vivo and in vitro. Genetic results suggest that MfpB is necessary for MfpA protection of DNA gyrase against drugs in vivo; an mfpB knockout mutant showed greater susceptibility to ciprofloxacin than the wild-type, whereas a strain overexpressing MfpA and MfpB showed higher loss of susceptibility. Further biochemical characterization indicated that MfpB is a small GTPase and its GTP bound form interacts directly with MfpA and influences its interaction with DNA gyrase. Mutations in MfpB that decrease its GTPase activity disrupt its protective efficacy. Our studies suggest that MfpB, a small GTPase, is required for MfpA-conferred protection of DNA gyrase.
INTRODUCTION
DNA gyrase plays an important role in basic biological functions in bacteria, being involved in DNA replication, transcription and stress responses. It is the only known topoisomerase that introduces negative supercoils in the presence of adenosine triphosphate (ATP) and is involved in resolving DNA topological problems during DNA replication, transcription and recombination (1) (2) (3) . DNA gyrase is essential in prokaryotes, and its absence in most higher eukaryotes has made it an important drug target in antibacterial chemotherapy (1) . Although current studies on DNA gyrase mostly focus on its structure, function and catalytic mechanism, the regulation of this enzyme, especially the protection of its functions, which is critical to biological life, remains to be fully explored.
DNA gyrase is composed of two GyrA and two GyrB subunits, which assemble as an A 2 B 2 heterotetramer (4-6). The crystal structures of the N-and C-terminal domains of the A and B subunits have been solved (7) (8) (9) (10) . Although structures of gyrase (or topoisomerase IV)-DNA-drug complexes have been published recently (11) (12) (13) (14) , the structure of the gyrase holoenzyme has not yet been reported. However, the functions of GyrA and GyrB are well understood: GyrA binds DNA, and GyrB is an ATPase. Structural and biochemical studies have shown that the mode of action of DNA gyrase involves a two-gate mechanism (15, 16) . Gyrase alters the topology of DNA by promoting the passage of one DNA duplex (the transported or 'T' segment) through a transient break *To whom correspondence should be addressed. Tel: +86 10 57 40 8892; Fax: +86 10 62 56 6511; Email: mik@im.ac.cn Correspondence may also be addressed to Lijun Bi. Tel: +86 10 64 88 8464; Fax: +86 10 64 87 1293; Email: blj@sun5.ibp.ac.cn in a second double-stranded DNA segment (the gate or 'G' segment) in an ATP-dependent manner.
Many drugs target DNA gyrase; aminocoumarins, which target GyrB, inhibit the ATPase activity of gyrase, whereas fluoroquinolones stabilize the gyrase-DNA complex by binding at the GyrA-GyrB-DNA interface (1) . Quinolones are broad-spectrum antibiotics and the most successful of the drugs that target gyrase; however, their over-use and misuse have led to a loss in their efficacy owing to the development of drug resistance (1, 17) . Although structural studies have demonstrated that mutations in gyrA and gyrB conferring quinolone resistance play important roles in drug-protein interactions (18, 19) , the correlation between antibiotic resistance and particular mutation sites in Mycobacterium tuberculosis clinical isolates is not strong (20) . This phenomenon suggests that known mutations that confer drug resistance may not be the only factor determining drug resistance; other as yet unknown mechanisms may also be important contributing factors.
The regulation of DNA gyrase is poorly understood; only a few regulatory proteins such as YacG, ParE (the plasmid RK2 toxin protein) and CcdB from Escherichia coli have been identified, all of which, similar to the quinolones, are inhibitors of DNA gyrase activity (21) (22) (23) . YacG blocks the formation of the gyrase-DNA complex and abolishes its catalytic activity (23) , whereas ParE and CcdB target the GyrA subunit of DNA gyrase and stall the gyrase-DNA cleavage complex (21, 22) . Mycobacterium fluoroquinolone resistance protein A (MfpA), a pentapeptide repeat protein (PRP) family member, has been shown to inhibit DNA gyrase and to be involved in resistance to fluoroquinolones (24) . MfpA is chromosomally encoded and was the first PRP that confers endogenous resistance to fluoroquinolones to be crystallized (25) . A previous study showed that an mfpA mutation in M. smegmatis caused sensitivity to fluoroquinolones, whereas overexpression of a DNA fragment containing mfpA conferred fluoroquinolone resistance (24) . In contrast to this in vivo study, another group has reported that MfpA is unable to protect DNA gyrase from drug-induced damage in a cell-free system (26) . In addition, a strain containing the complete coding sequence of mfpA conferred 2-fold less fluoroquinolone resistance than a strain containing mfpA and a 1-kb upstream sequence including the complete open reading frame of its flanking gene Msmeg_1640 (24) . As this evidence suggests that Msmeg_1640 cooperates with MfpA to confer resistance to fluoroquinolones, we have named this protein Mycobacterium fluoroquinolone resistance protein B (MfpB) and investigated the mechanism by which MfpB affects MfpA-mediated fluoroquinolone resistance.
Here, we examine the role of MfpB in the regulation of DNA gyrase and its relationship with fluoroquinolone resistance. Using genetic and biochemical studies, we show that MfpB is a GTPase, and that its interaction with MfpA plays an essential role in protecting DNA gyrase from drug interference. Our results shed light on the underlying mechanism of fluoroquinolone resistance and may be useful in the development of new methods for the detection of drug resistance.
EXPERIMENTAL PROCUDEURES

Bacterial strains and culture conditions
In routine culture, liquid cultures of M. smegmatis strains were grown in Middlebrook 7H9 medium (Becton Dickinson) supplemented with 0.2% glycerol (Beijing Modern Eastern Finechemical Co. Ltd., Beijing), 0.05% Tween 80 (Sigma) and 10% albumin, dextrose and saline. As indicated, Sauton minimal medium was used to culture M. smegmatis strains. Single bacterial colonies were cultured on Middlebrook 7H10 medium (Becton Dickinson) containing 10% albumin, dextrose and saline and 0.2% glycerol. Hygromycin (50-75 mg/l for M. smegmatis, 150 mg/l for E. coli; Roche) and kanamycin (25 mg/l for M. smegmatis, 50 mg/l for E. coli; Amresco) were added to the medium as needed. All bacterial strains used in this study are listed in Supplementary Table S1 .
Generation of knockout mutant strains, complementation and overexpression strains
Both mfpB and mfpA deletion mutants were created by allelic exchange using a specialized transducing phage delivery system as previously described (27) . The 5 0 -flanking region of mfpB was amplified by polymerase chain reaction (PCR) with the 1640LL/1640LR primer pair, and the 3 0 -flanking region of mfpB was amplified with the 1640RL/1640RR primer pair. The flanking region of mfpA was generated by amplifying the upstream and downstream regions of mfpA using the 1641LL/1641LR and 1641RL/1641RR primer pairs, respectively (primer sequences are listed in Supplementary  Table S2 ). The resulting cloned arms were ligated with plasmid p0004s (Hsu and Jacobs, unpublished data), digested with Van9I (mfpB) or DraIII (mfpA), and the allelic-exchange plasmids were digested with PacI, and then ligated to PacI-digested phA159 (Hsu and Jacobs, unpublished data). Phage packaging was performed using a MaxPlax packaging extract (Epicenter Biotechnologies, USA), and shuttle plasmids were amplified in the E. coli HB101 strain. The appropriate plasmids were electroporated into M. smegmatis for phage propagation, and target genes were replaced by an allelic exchange marker before selection with hygromycin. Transformants were confirmed by PCR using the primer pairs 1641Inl/1641InR and 1640Inl/1640InR for mfpA and mfpB, respectively. These primers are listed in Supplementary Table S2 , and their positions are shown in Figure 1A . Complementation strains were constructed as described previously. Briefly, the full-length sequences of mfpA or mfpB amplified from M. smegmatis genomic DNA were cloned into the integrating vector pMV361 (28) using the primers listed in Supplementary Table S2 , and the constructed plasmids were electroporated into knockout strains, yielding C-ÁmfpA and C-ÁmfpB, respectively. To augment MfpB, MfpA and MfpA-MfpB expression, the corresponding fragments were subcloned into pMV261 (28), a non-integrating variant of pMV361 to yield pMV261-mfpB, pMV261-mfpA and pMV261-mfpB/mfpA, respectively.
Construction of MfpB mutants
Substitutions and deletions of amino acids that are conserved in small GTPases were introduced into the mfpB coding region using a Quick-Change site-directed mutagenesis kit (Stratagene, USA) with suitable vectors (Supplementary Table S2 ). The pMV261-mfpA/mfpB and pET23-mfpB plasmids were used for overexpression of the mutant proteins in M. smegmatis and protein purification, respectively. pMV261-mfpB/mfpA plasmids for overexpressing mutant proteins were transformed into M. smegmatis, and vectors for expressing mutant proteins to be purified were transformed into E. coli BL21(DE3). The mutation sites are shown later in the text (altered amino acids are highlighted in underlined):
Antibiotic susceptibility testing
Normal growth rates of M. smegmatis strains in 7H9 and Sauton media were determined in 20 ml medium in 100 ml flasks by measuring OD 600 values at different time points. The susceptibility of the M. smegmatis strains to drugs (ciprofloxacin, CIP; moxifloxacin, MOX; novobiocin, NOV; and trimethoprim, TMP) was determined on microplates. Aliquots (100 ml) of 2-fold serial dilutions of each antibiotic were inoculated with 100 ml of a 10 5 cells/ml suspension of M. smegmatis on microtitre plates.
Plates were incubated at 37 C for 3 days. The OD 600 value of cultures was measured using a microplate reader (FLUOstar OPTIMA, BMG LABTECH). All antibiotic susceptibility tests were replicated at least three times. The minimum inhibitory concentration (MIC) was defined as the lowest concentration of drug that inhibited the visible bacterial growth of M. smegmatis after a 2-day incubation (OD 600 < 0.05).
Mycobacterial protein fragment complementation and yeast two hybrid assays
The association between MfpB and MfpA in vivo was assessed using mycobacterial protein fragment complementation (M-PFC) (29) . Briefly, the coding regions of mfpB and mfpA were amplified separately and cloned into pUAB300 and pUAB400 to construct pUAB300-mfpB and pUAB400-mfpA, respectively. The plasmid pair, pUAB100/pUAB200 was used as a positive control, and the pUAB300/pUAB300 pair was used as a negative control. Plasmid pairs pUAB300/pUAB400-mfpA, pUAB400/pUAB300-mfpB and pUAB300-mfpB/ pUAB400-mfpA were respectively co-transformed into M. smegmatis by electroporation. All transformants were selected on TMP to determine the association between MfpB and MfpA. Full-length mfpA and mfpB were PCR amplified using the primers listed in Supplementary Table S2 and cloned into the pGBKT7 and pGADT7 vectors, respectively (Clontech, USA), for yeast two-hybrid (Y2H) assays, which were carried out according to the manufacturer's instructions.
Cloning, expression and purification of MfpB, MfpA, GyrA and GyrB
The coding regions of mfpB and mfpA were amplified from M. smegmatis genomic DNA and cloned into the expression vector pET23b (+) (Novagen, USA) in-frame fused with a C-terminal His-tag sequence, to give plasmids pET23b-mfpB and pET23b-mfpA, respectively. Similarly, the coding regions of gyrA and gyrB were amplified from M. smegmatis genomic DNA and cloned into the expression vector pACYCDuet1 (Novagen, USA) in-frame fused with an N-terminal His-tag sequence, to give plasmids pACYC-gyrA and pACYC-gyrB, respectively. The final constructs were transformed into BL21 (DE3) for expression and recombinant target proteins were induced by addition of 1-mM isopropyl-b-Dthiogalactopyranoside followed by incubation at 28 C for 8 h. Cells were harvested by centrifugation at 10 000 rpm for 5 min, resuspended in lysis buffer [20 mM of Tris-HCl (pH 8.0), 1 M NaCl, 10% glycerol, 10 mM of imidazole, 0.1% Triton X-100, 1 mM of phenylmethylsulfonyl fluoride (PMSF), 1 mg/ml of lysozyme] and lysed by sonication. Lysates were centrifuged (13 800 rpm, 4 C, 30 min) to remove debris before purification. Supernatants were incubated with Ni-NTA agarose (Qiagen, USA) with rotation (50 rpm) for 3 h at 4 C. Beads were washed three times with washing buffer [20 mM of Tris-HCl (pH 8.0), 0.5 M of NaCl, 10% glycerol, 50 mM of imidazole, 0.1% Triton X-100, 1 mM of PMSF, 25 mM of MgCl 2 ]. Proteins were eluted with elution buffer [50 mM of Tris-HCl (pH 7.6), 0.5 M of NaCl, 25 mM of MgCl 2 , 10% glycerol, 500 mM of imidazole]. Protein samples for surface plasmon resonance (SPR) analysis were concentrated to $10 mg/ml before further purification by gel filtration (Superdex-75 10/30, GE Healthcare). The buffer for gel filtration contained 25 mM of Tris-HCl (pH 8.0) and 150 mM of NaCl. Fractions were collected from the peak. Proteins were stored in a buffer containing 50 mM of Tris-HCl (pH 8.0), 0.5 mM of ethylenediaminetetraacetic acid, 2 mM of dithiothreitol, 25 mM of MgCl 2 , 100 mM of KCl and 30% glycerol. Protein concentrations were measured using bicinchoninic acid protein assay reagent and a bovine serum albumin standard. Purified proteins were examined using 10% sodium dodecyl sulphatepolyacrylamide gel electrophoresis to verify molecular weight and purity.
Isothermal Titration Calorimetry assays
Guanosine diphosphate (GDP), Adenosine diphosphate (ADP), Guanosine 5 0 -O-thiotriphosphate (GTP-g-S) and Adenosine 5 0 -O-thiotriphosphate (ATP-g-S) (Sigma, USA) were dissolved in isothermal titration calorimetry (ITC) buffer [50 mM of Tris-HCl (pH 7.5), 100 mM of KCl, 1 mM of MgCl 2 , 1 mM of dithiothreitol (DTT)] to a final concentration of 1 mM. All proteins were dialyzed extensively against ITC buffer at 4 C for 2 days. Protein solutions ($1.5 ml) were loaded into a Nano ITC-III ITC (Calorimetry Sciences Corporation, USA) cell. The titration syringe (250 ml volume) was filled with GDP, ADP, GTP-g-S or ATP-g-S solution. Titrations were carried out using 25 injections of 10 ml each, injected at 3 min intervals with stirring at 150 rpm at 25 C. Data was analysed with NanoAnalyze (Calorimetry Science Corporation).
SPR measurements
SPR was performed on a BIAcore-3000 instrument (Biacore) to assess the interaction between MfpB and MfpA. Purified MfpA-His 6 was coated directly on CM5 biosensor chips to achieve $1600 response units, then purified GTP-g-S or GDP-bound MfpB was injected into the chamber in phosphate buffered saline containing 0.05% Tween 20 buffer at 25 C at a flow rate of 30 ml/min. Association and dissociation rates were calculated using a simple 1:1 Langmuir binding model. All experiments were performed in triplicate.
GTPase and ATPase assays
Purified MfpB and its mutants (0-8 mM) were incubated with 15 mM [g- 32 32 Pi released was measured by the charcoal method (30) . Briefly, 50 ml of samples were added to 750 ml of 5% (w/v) charcoal (100-400 mesh, Sigma) in 50 mM of NaH 2 PO 4 and vortexed. The charcoal was removed by centrifugation, and the amount of radioactivity present in the supernatant was determined by liquid scintillation counting.
DNA gyrase supercoiling assays
For E. coli gyrase, DNA supercoiling assays were performed using a supercoiling kit (NEB, USA) according to the manufacturer's instructions. Briefly, 0.4 mg of relaxed plasmid pUC19 and 1 U of E. coli gyrase were mixed in a 30 ml of reaction mixture containing 1 mM GTP unless otherwise indicated. Tests were carried out with various concentrations of purified MfpA with/ without MfpB at different concentrations of CIP, GTP, GDP and GTP-g-S, as indicated. Reactions were incubated at 37 C for 90 min and terminated by addition of sodium dodecyl sulphate to 0.2%. Protease K (0.2%) was then added and incubated for 30 min at 37 C. Reaction mixtures were loaded on a 1% agarose gel for electrophoresis (6 h, 35 V). The gel was stained with ethidium bromide, and the fluorescence of bands was quantified with an Alpha Innotech digital camera and Gelpro software (Media Cybernetics, USA). DNA supercoiling assays with M. smegmatis gyrase were similar to those for E. coli gyrase, except that 0.02 mM M. smegmatis gyrase was used in each reaction, and the incubation time was 60 min. In all, 100 mM of CIP was used to inhibit M. smegmatis gyrase activity as indicated in Figure 7C .
RESULTS
MfpB is essential for MfpA-mediated fluoroquinolone-resistance in vivo
We reasoned that MfpB might be involved in the intrinsic resistance of M. smegmatis to fluoroquinolones. To test this hypothesis, an mfpB-deletion mutant ÁmfpB was constructed in M. smegmatis by specialized transduction ( Figure 1A) , and a corresponding complementation strain, which contained one copy of M. smegmatisderived mfpB, was constructed in the mfpB-deficient strain and named C-ÁmfpB. We then examined the growth of the constructed strains in the presence of 0.15 mg/ml of CIP. At this concentration, growth was arrested in the ÁmfpB strain, whereas the wild-type strain grew normally under the same conditions. Moreover, the phenotype of arrested growth in the presence of CIP was partially reversed by complementation using wild-type mfpB from M. smegmatis ( Figure 1B) . In addition, the growth of ÁmfpB was similar to that of the wild-type in drug-free media (Supplementary Figure S1 ). Our data show that knockout of the mfpB gene does not influence M. smegmatis growth in either rich or minimal media. These results rule out the possibility that this deficiency in growth was owing to the knockout of MfpB, and indicate that it was owing to treatment with CIP, supporting our hypothesis that MfpB is involved in fluoroquinolone resistance.
An mfpA-deletion mutant strain, ÁmfpA, and its complementary M. smegmatis strain, C-ÁmfpA, were also constructed. As was the case for ÁmfpB, the growth of ÁmfpA was inhibited in the presence of CIP, and the growth defect was reversed in the complemented strain, C-ÁmfpA (Figure 2A) . Moreover, as shown in Figure 2B , the MIC of CIP in ÁmfpA was 0.075 mg/ml, the same as that of ÁmfpB, and 4-fold lower than that of the parental mc 2 155 strain (0.3125 mg/ml), whereas drug susceptibility was recovered in the corresponding complemented strains ( Figure 2B) . A similar result was also observed when these strains were treated with MOX, but not with NOV, whose target is GyrB ( Figure 2B ). Together, these results suggest that MfpA and MfpB may be involved in the same drug resistance pathway.
To test for possible synergistic effects between MfpA and MfpB, the protein coding sequence of mfpA alone, mfpB alone and mfpA together with mfpB were separately amplified from M. smegmatis and cloned respectively into the pMV261 vector, a multi-copy plasmid with a heat shock protein promoter (Supplementary Table S1 ). Unexpectedly, in contrast to previous reports, no significant difference was observed in the MIC of CIP against the pMV261-mfpA and pMV261-mfpB strains and that of the wild-type strain containing an empty pMV261 ( Figure 2C) (24, 25) . When mfpA and mfpB were co-expressed, however, there was a 3.8-fold increase in the MIC of CIP compared with its parental strain ( Figure 2C ). Consistent with this, the M. smegmatis strain containing pMV261-mfpA-MfpB also showed a 4-fold loss in susceptibility to MOX ( Figure 2B ). Taken together, the aforementioned data suggest that deletion of mfpB enhances susceptibility to fluoroquinolones, and that MfpB may play a role alongside MfpA in innate susceptibility to quinolones.
MfpB interacts with MfpA
To further define how MfpB affects MfpA-mediated protection of DNA gyrase against fluoroquinolones, a M-PFC (29) , which measures protein-protein associations by evaluating TMP susceptibility, was performed to determine whether MfpB interacts physically with MfpA in vivo. The coding regions of mfpA and mfpB were cloned into pUAB400 and pUAB300, respectively, to generate pUAB400-mfpA and pUAB300-mfpB, which were then co-transformed into M. smegmatis. The statistically significant difference in absorption between the resulting strain (mfpB/mfpA) and the negative controls (cells contain plasmid pairs pUAB300 and pUAB400-mfpA, and pUAB300-mfpB and pUAB400) indicates that strain mfpB/mfpA confers resistance to TMP in the presence of 6.25 mg/L TMP ( Figure 3A) . Furthermore, Y2H confirmed the direct interaction of MfpB and MfpA ( Figure 3B ). Drug (CIP) susceptibility in mfpA/mfpB, the strain co-expressing pUAB300-mfpB and pUAB400-mfpA, was statistically lower than the negative control strains mfpB/pUAB400 and mfpA/pUAB300 ( Figure 3C ). These data suggest that fluoroquinolone resistance requires the association of MfpA and MfpB.
MfpB is a small GTPase
To our knowledge, there are no reports to date on the regulation of PRPs. In Mycobacteria, MfpB has been predicted to be an ATP/GTP-binding protein, but its precise function is unknown. To help define the possible mechanisms underlying MfpB's involvement in MfpA-mediated fluoroquinolone resistance, we investigated its biochemical characteristics. Using MfpB that had been expressed and purified from E. coli, we first determined the binding capacity of MfpB for GTP-g-S, ATP-g-S, GDP and ADP using ITC. MfpB bound both GDP and GTP-g-S, with K d s and stoichiometries of 0.0105 ± 0.0029 mM/1:1 (N = 0.98 ± 0.07), and 0.0118 ± 0.0032 mM/1:1 (N = 0.94 ± 0.09), respectively, but did not bind ADP or ATP-g-S ( Figure 4A ), suggesting that MfpB is a GTP-binding and not an ATP-binding protein. 0, 1, 4 or 8 mM purified MfpB was then incubated with 15 mM [g- 32 P] GTP to test its GTPase activity. It catalysed the hydrolysis of GTP, monitored by the release of Pi, in a dose-dependent manner ( Figure 4B) ; the k obs of MfpB with GTP was 1.34 ± 0.26 s À1 . Moreover, the ATPase activity of MfpB was also measured, and no hydrolysis of ATP was detected ( Figure 4C ). As MfpB is homologous to Rab small GTPases (31) (32) (33) (Figure S2 ), the aforementioned results indicate that MfpB is a small GTPase.
MfpB's influence on the interaction of MfpA with DNA gyrase is via its GTPase activity in vivo and in vitro
As we have shown above, MfpB is a GTPase, and thus it is likely that its protection of gyrase from drug-related damage is owing to its GTPase activity. Typical small GTPases usually have three conformation states: inactive GDP-bound, inactive free nucleic acid binding and active GTP-bound (34) (35) (36) . Here, we determined the binding affinity of GDP-MfpB and GTP-MfpB to MfpA using SPR. Purified MfpA-His 6 protein was coated directly M. smegmatis cells were co-transformed with M-PFC plasmid pairs pUAB100 and pUAB200 as a positive control. Cells harboring plasmid pairs pUAB300 and pUAB400, pUAB300-mfpB and pUAB400, pUAB400-mfpA and pUAB300 were negative controls. The bacterial strain containing pUAB300-mfpB and pUAB400-mfpA was used to detect the interaction between MfpA and MfpB. Bacteria were cultured on 7H9 medium with 6.25 mg/l of TMP. Growth is indicative of proteinprotein associations as measured by OD 600 . (B) Y2H analysis indicates that MfpB interacts with MfpA. Yeast cells were co-transformed with the plasmid pairs pGBKT7 and pGADT7, pGADT7-mfpB and pGBKT7, pGBKT7-mfpA and pGADT7, pGADT7-mfpB and pGBKT7-mfpA, respectively. Quantitative LacZ assays were used to quantitatively test the interaction of MfpB and MfpA. (C) The interaction of MfpB and MfpA confers resistance to CIP. Cultures were treated with 0 or 0.25 mg/l of CIP. Growth is indicative of loss of susceptibility to CIP as measured by OD 600 . Data shown are means ± standard deviations (SD) from four independent experiments (*P < 0.05).
onto CM5 biosensor chips, and GTP-g-S or GDP-bound purified MfpB-His 6 was tested. GTP-g-S bound MfpB, but not GDP-MfpB, interacted with MfpA ( Figure 5A ).
To further explore the role of GTPase activity in fluoroquinolone resistance, we generated seven MfpB mutants (see Experimental Procedures) in which the conserved GTPase domain residues were mutated, to disrupt GTPase activity. The GTPase activity of three of these mutants, M2, M5 and M7 was reduced, their k obs values decreasing to 0.41 ± 0.11 s À1 , 0.46 ± 0.10 s À1 and 0.24 ± 0.05 s À1 , respectively, compared with that of the wild-type (1.34 ± 0.26 s À1 ) ( Figure 5B ). The GTPase-deficient mutants M2, M5 and M7 also showed decreased growth rates in the presence of CIP ( Figure 5C ).
MfpB protects the supercoiling activity of DNA gyrase from inhibition by MfpA in vitro
MfpA is required for mycobacterial endogenous fluoroquinolone resistance and has been shown to mimic the structure of DNA and to bind DNA gyrase (25) . However, as discussed earlier in the text, MfpA cannot protect gyrase from fluoroquinolone inhibition in vitro.
Our data indicate that MfpB interacts directly with MfpA, and that MfpB is sufficient and necessary for CIP resistance in vivo. We hypothesised that MfpB interferes with MfpA's interaction with DNA gyrase. As MfpA has been shown to affect the function of E. coli gyrase in the same manner as it affects Mycobacterial gyrase (25,26), we used E. coli DNA gyrase for in vitro experiments. We first evaluated the effect of MfpA on the DNA gyrase catalytic reaction. Consistent with previous reports, MfpA inhibited the supercoiling activity of DNA gyrase in a concentration-dependent manner with 2-mM MfpA abrogating 1 unit of gyrase supercoiling activity ( Figure 6A ). As shown in Figure 6B , MfpB blocked MfpA-mediated inhibition and protected gyrase supercoiling activity, whereas MfpB alone had no effect on the function of DNA gyrase. The effect of MfpB was concentration dependent; the percentage of supercoiled fragments increased from 11.8 to 91.9%, as the concentration of MfpB increased from 0.01 to 5.0 mM ( Figure 6C ). The GTPase-deficient MfpB mutants M2, M5 and M7 did not efficiently protect E. coli gyrase from inhibition by MfpA; the percentage of supercoiling dropped to 49.8, 32.5 and 31.6%, respectively, compared with the negative control (gyrase only: 89.8%) and the positive control with both MfpB and MfpA in the reaction mixture (88.3%). Moreover, when wild-type MfpB was used, the percentage of supercoiling was 45.7% at a GDP concentration of 1.0 mM and 8.3% at a GDP concentration of 10 mM, indicating that high concentrations of GDP, which can inhibit GTPase activity, perturb MfpB's action on the MfpA/gyrase complex ( Figure 6D ). Additionally, intact MfpB, but not mutants M2, M5 and M7, could also protect M. smegmatis gyrase supercoiling activity from MfpA-mediated inhibition ( Figure 6E ). These results suggest that MfpB can protect gyrase from MfpA-mediated inhibition.
Cooperative action of MfpB and MfpA protects DNA gyrase from fluoroquinolones
To confirm the cooperative action of MfpA and MfpB in the protection of DNA gyrase, the effect of fluoroquinolones on DNA gyrase was examined in both the ÁmfpA and ÁmfpB strains. As shown in Figure 7A , in the absence of MfpB, the percentage of supercoiling plasmids decreased to 11% at a CIP concentration of 5 ng/ml, compared with 24% in the wild-type. Strikingly, only 1% of plasmids were supercoiled at the maximum concentration of CIP tested in the absence of MfpA ( Figure 7A ). Levels of gyrase mRNA in ÁmfpA and ÁmfpB were similar to that in the wild-type strain (Supplementary Figure S3) , indicating that mfpA and mfpB do not affect gyrase expression. Moreover, knockout of mfpB did not significantly change mfpA expression (Supplementary Figure S3) . Therefore, these results indicate that both MfpB and MfpA are necessary for protecting DNA gyrase against fluoroquinolones in M. smegmatis.
We also investigated how MfpB helps MfpA protect DNA gyrase against fluoroquinolones in vitro. As shown in Figure 7B , the supercoiling activity of E. coli DNA gyrase was disrupted at a CIP concentration of 2.0 mg/ml, and no protective role was detected with Figure 5 . The GTPase activity of MfpB is indispensable for protection from CIP interference. (A) GTP-bound MfpB interacts directly with MfpA. SPR was used to determine the binding affinity of GDPMfpB and GTP-MfpB to MfpA. Purified MfpA-His 6 was coated directly on CM5 biosensor chips, then 10 mM purified GTP-g-S or GDP-bound or nucleotide-free MfpB was injected. (B) MfpB mutants with mutated conserved GTPase domain residues have correspondingly reduced GTPase activities. In all, 4 mM of purified proteins were incubated with 15 mM of [g-32 P]GTP at 37 C, and 50 ml of samples were collected at the times indicated. Hydrolysis of GTP was measured by 32 Pi release as described in Figure 4B . (C) GTPasedeficient mutants had decreased growth rates in the presence of 0.25 mg/ml of CIP. Drug resistance was measured as described in Figure 1B . either 1.0 mM of MfpA or 2.0 mM of MpfB alone. In contrast, when the same amounts of MpfA and MpfB were mixed together, no inhibitory activity of CIP on DNA gyrase was detected, suggesting that MfpB helps MfpA protect gyrase against fluoroquinolones. Furthermore, wild-type MfpB, but not M2, M5 and M7 mutants, and MfpA together can also protect M. smegmatis gyrase from CIP damage ( Figure 7C ). Taken together, these results show that MfpB interferes with the interaction of MfpA and gyrase via its GTPase activity both in vitro and in vivo.
DISCUSSION
We have identified a new mycobacterial small GTPase, MfpB, that contributes to resistance against quinolone antibiotics via its involvement with MfpA in the protection of DNA gyrase. This is the first time that a small GTPase has been shown to be involved in the regulation of DNA gyrase and its protection from drug inhibition (37) .
MfpA, a recently characterized PRP protein from M. smegmatis that mimics DNA structure and interacts with DNA gyrase, is involved in protecting DNA gyrase from fluoroquinolones, thus conferring resistance (24) . However, conflicting evidence concerning the ability of MfpA to protect DNA gyrase against drugs in vivo and in vitro suggests that other factors may be involved in MfpA-related endogenous resistance against fluoroquinolones (24,26). Here, when mfpA and its upstream flanking gene, mfpB, were overexpressed together in M. smegmatis, drug susceptibility decreased (Figure 2) , whereas M. smegmatis wild-type strain mc 2 155 expressing either MfpB (pMV261-mfpB) or MfpA alone (pMV261-mfpA) showed no loss of drug susceptibility. We thus reasoned that MfpB is a factor that participates in MfpA's protection of DNA gyrase from fluoroquinolone damage.
In contrast to MfpA, Qnrs, which are MfpA paralogs in E. coli (e.g. QnrA1 and QnrB4), have the ability to confer E. coli fluoroquinolone resistance alone and to protect gyrase from drug-related damage (26, 38) . Alignment of MfpA and E. coli Qnrs reveals major differences in sequence that have previously been shown to be involved in the protection of gyrase against quinolones; deletions in the N-and C-terminal regions of MfpA (Supplementary Figure S4) and the amino acid residue 108 (C in Qnr and R in MfpA) (39) . Structure-based alignments show that the intrachain extensions of MfpA (IE1 and IE2) are incomplete compared with the Qnrs of Gram-negative bacteria, possibly affecting its function (39); IE1 and IE2 of the Qnr from Aeromonas hydrophila interact with DNA gyrase and participate in protecting DNA gyrase against inhibition by fluoroquinolones (40). Owing to the absence of these key sequences, the capacity of MfpA to reduce drug toxicity in vivo may be limited. X-ray crystal structures of the MfpA/MpfB complex and MfpA/MfpB-DNA-gyrase would help to provide greater understanding of its mechanism.
To our knowledge, there are no previous reports of the involvement of GTPases in the protection of DNA gyrase against antibiotics. Although MfpB has been predicted to be an ATP/GTP-binding protein based on its sequence (41, 42) , its precise biological function in Mycobacterial species has not yet been identified. To understand the mechanism by which MfpB is involved in MfpAmediated fluoroquinolone resistance, we investigated its biochemical characteristics in greater depth. Our data show that MfpB is a GTPase (Figure 4 ). Small GTPases, like Ras, are well-known as molecular switches that cycle between an inactive GDP-and an active GTP-bound state (34) . SPR analysis showed that GTP-MfpB, but not GDP-MfpB, interacts with MfpA, suggesting that GTPase activity is necessary for the interaction of MfpB and MfpA (Figures 5 and 7) . Furthermore, when mutations in the GTPase conserved domains of MfpB were introduced to reduce its GTPase activity, the mutated proteins had a decreased capacity to protect gyrase from drug-related damage both in vitro and in vivo (Figures 5  and 7 ). This suggests that GTPase activity is necessary for MfpB's function in fluoroquinolone resistance. The nature of the changes that take place in MfpB's conformation on GTP binding, and how MfpB binds and dissociates from MfpA require further investigation.
Although the physiological role of MfpA/MfpB is still unknown, a recent report has suggested that the PRP protein QnrA3, an MfpA homolog, does confer a selective advantage (43) . Fluoroquinolone is reported to give rise to high levels of reactive oxygen species (ROS), and fluoroquinolone-induced bacterial death resulting from DNA disruption is tightly correlated with the production of ROS (44) (45) (46) . Recently, Ras GTPases have been connected with redox regulation (47, 48) . It will be interesting to explore the correlation between MfpA/B and ROS and to clarify the biological functions of MfpA/MfpB.
Small GTPases are considered to play a critical role in the physiology and behavior of bacteria (42) . For example, the Ras-like small G-protein MglA polarizes Myxococcus xanthus cells by accumulating at the leading cell pole in its active GTP-bound form (49, 50) , and the GTPase FlhF is necessary for one or more of the steps in flagellar organelle development in polarly flagellated bacteria (51) . In addition, some bacterial small GTPases such as elongation factors G and Tu are able to elicit their functions by interacting with RNA and/or ribosomes (52) . Considering these reports and its involvement in fluoroquinolone resistance, MfpB may be a critical molecular switch and is regarded as a good candidate for drug screening.
In this study, we have shown that MfpB, a small GTPase, works together with MfpA to protect DNA gyrase from fluoroquinolones. GTP-bound MfpB is active and interacts directly with the active state of MfpA. Intact GTPase activity is necessary to enable the protective role of MfpB. As GTPases are considered to play a critical role in the physiology of Mycobacteria, it will be interesting to see whether MfpB has potential as a candidate for drug screening.
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